Society 3 PURPOSE. We investigated the distribution of central corneal thickness (CCT), and its association with age, sex, intraocular pressure (IOP), anterior chamber depth (ACD), axial length (AL), and the presence of systemic hypertension and diabetes in a Korean population.
G
iven that applanation tonometry estimates the intraocular pressure (IOP) by measuring the force required to flatten an area of the cornea, a thinner cornea may lead to underestimation of the true IOP and a thicker cornea may lead to overestimation of the true IOP. [1] [2] [3] In addition, a thinner central corneal measurement is associated with the development of glaucoma, 4 increased risk of visual field progression, 5 and more advanced glaucoma damage. 6 Therefore, central corneal thickness (CCT) measurement has emerged as an important component in glaucoma assessment. [1] [2] [3] Various factors, including ocular (IOP, refractive error, corneal curvature, anterior chamber depth [ACD] , and axial length [AL] ) and systemic (age, sex, ethnicity, height, weight, and diabetes) factors, have been reported to affect CCT in the general population. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Although several cross-sectional, population-based studies have investigated the distribution of CCT in Asian populations, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] no such study has been done in Korea to our knowledge. The Namil Study was designed to estimate the prevalence of glaucoma and its associated factors in a large population of Korea. [22] [23] [24] Our study was performed to investigate the distribution of CCT and its association with various ocular and systemic factors in a Korean population, and to compare these results to those of other Asian populations.
METHODS
Our study was performed as a part of the Namil Study, a populationbased glaucoma prevalence study of 2027 residents aged ‡40 years in Namil-meon area, a rural agricultural location with an area of 47.14 km 2 located in central South Korea. [22] [23] [24] Our study was conducted in compliance with the tenets of the Declaration of Helsinki for the use of human subjects in biomedical research. The study was approved by the Institutional Review Board of Chungnam National University Hospital, and written informed consent was obtained from all participants. The details of the Namil Study have been reported previously. [22] [23] [24] In brief, subject screening was performed between November 2007 and February 2008. Notices addressed to all residents in the Namil-meon area encouraged participation in the study. A schedule of 2 screening visits to the screening center was announced to residents. Subjects who did not appear at a designated time were visited at home by a public official and a member of the screening team, who offered a car ride to the screening center. At the end of the screening period, the number of residents was 1928. Of these, 1532 participated in the screening examination, for a response rate of 79.5%.
Visual acuity was measured using a Landolt broken ring visual acuity chart with correction at a distance of 5 m, and the refractive status was measured by an auto-refractometer (KR-8100; Topcon, Tokyo, Japan). ACD and AL were measured by optical biometry (IOL Master; Carl Zeiss Meditec, Oberkochen, Germany). CCT measurements were obtained from each eye with ultrasound contact-type pachymetry (IOPac; Heidelberg Engineering, Heidelberg, Germany). CCT was measured after calibration following the manufacturer's manual by 2 well-trained examiners. During CCT measurement, subjects were in the sitting position while fixating on a distant target. The average of 3 measurements was recorded. The intra-observer variability as presented by intraclass correlation coefficient was 0.997, which suggests good measurement repeatability. Glaucoma specialists performed slit-lamp biomicroscopy examinations, including van Herick measurements of the ACD, gonioscopy using a Goldmann-type contact lens, and measurement of the IOP with a Goldmann applanation tonometer under topical anesthesia. Binocular optic disc evaluation was performed with a 90-diopter lens on the slit-lamp, and fundus photography was performed with a retinal camera (TRC-NW200; Topcon). The screening visual field test was performed by frequency doubling technology (FDT; N30-1 screening; Humphrey Matrix; Carl Zeiss Meditec, Inc., Dublin, CA). All subjects completed a questionnaire regarding their medical history, including past systemic illnesses, ocular disease, and medication history (i.e., systemic hypertension and diabetes).
Subjects were suspected of having glaucoma if the FDT screening examination indicated abnormal findings or low test reliability, the Goldmann applanation tonometry revealed an IOP ‡20 mm Hg, and/or optic disc abnormalities were detected (including a vertical cup-to-disc ratio ‡0.6 or a difference in the cup-to-disc ratio between the 2 eyes of ‡0.2) and were referred for a definitive examination to confirm the diagnosis of glaucoma. This analysis consisted of visual field tests with the Humphrey Field Analyzer SITA Standard 30-2 program (HFA II 720i; Carl Zeiss Meditec, Inc.), retinal nerve fiber layer analysis with optical coherence tomography (Stratus OCT; Carl Zeiss Meditec, Inc.), and scanning laser polarimetry (GDx VCC; Carl Zeiss Meditec, Inc.). Subjects were diagnosed with primary open angle glaucoma if a glaucomatous visual field defect occurred together with 1 or more of the following in the same baseline phase: a vertical cup-to-disc ratio ‡0.6, a difference in the cup-to-disc ratio ‡0.2 between both eyes, and an IOP >21 mm Hg. In addition, the subject also was required to have open and normal anterior chamber angles without any other abnormalities that could explain the visual field defect. A subject was diagnosed with ocular hypertension if the IOP exceeded 21 mm Hg, there were no glaucomatous visual field defects, and the cup-to-disc ratio was >0.5. A patient with angle-closure was classified into 1 of 3 clinical subtypes, including primary angle-closure suspect, primary angle-closure, and primary angle-closure glaucoma using the definitions reported by the International Society of Geographical and Epidemiological Ophthalmology as described in a previous study. 23 Subjects were diagnosed with secondary glaucoma or suspected to have glaucoma if they had a history of significant ocular trauma, iridocyclitis, and the presence of new vessels in the iris or chamber angle, or showed other ocular findings that could cause a glaucomatous optic disc or visual field changes.
The association between primary open angle glaucoma, ocular hypertension, angle-closure, and CCT in our study population has been described previously. 22, 23 Therefore, eyes with glaucoma or ocular hypertension were excluded from our study. In addition, to minimize the effect of intraocular surgery on CCT, eyes with a history of intraocular surgery or corneal refractive surgery also were excluded. Because CCT in the right and left eyes was highly correlated (correlation coefficient ¼ 0.946, P < 0.001), only the right eyes were used for the analysis.
Statistical Analysis
Linear regression analysis was performed to assess the effect of continuous variables (age, IOP, ACD, and AL) on CCT, using CCT as the dependent variable. Refractive error and AL were correlated significantly (correlation coefficient ¼À0.600, P < 0.001); therefore, only AL was considered as an independent variable in our study. To identify the effect of binary variables on CCT, differences in CCT between sex and the presence of systemic disease (hypertension and diabetes) were evaluated using the t-test. Analysis of covariance was performed additionally for the adjustment of age and sex. Multivariate analysis was performed for variables that were associated significantly with CCT in univariate analysis. A P value < 0.05 was considered significant. All statistical analyses were performed using SPSS software version 12.0 (SPSS Inc., Chicago, IL).
RESULTS
Among the 1928 subjects ‡40 years of age in the Namil-meon area who participated in the Namil study, both eyes of 1532 subjects were examined. Of the 1532 right eyes examined, CCT measurements were available for 1504 eyes. In addition, eyes with glaucoma or ocular hypertension and/or history of intraocular surgery or corneal refractive surgery were excluded. Therefore, the remaining 1259 non-glaucomatous right eyes were included in our analysis. The mean (SD) age, refractive error, and IOP of the 1259 subjects was 62.4 (11.4) years (range 40-99), 0.22 (2.00) diopters (range À22.38-7.13), and 13.5 (2.7) mm Hg (range 5-21), respectively.
The distribution of the CCT values is shown in Figure 1 . The mean (SD), median, skewness, and kurtosis of CCT distribution was 530.9 (31.5) lm (range 380-627), 529.0 lm, 0.08, and 0.32, respectively, which suggest a normal distribution. The distributions of CCT for age categories are presented in Table  1 . In univariate analysis, a thicker CCT was correlated significantly with a younger age (P < 0.001), higher IOP (P < 0.001), and longer AL (P ¼ 0.003); however, CCT was not associated significantly with ACD (P ¼ 0.087, Table 2 CCTs of male and female subjects were compared, the average CCT in men was 5.8 lm more than that in women (P ¼ 0.001, Table 3 ). The average CCT in subjects with hypertension was 5.5 lm less than that in those without hypertension (P ¼ 0.007), whereas the presence of diabetes was not associated significantly with CCT (P ¼ 0.493, Table 3 ). When age and sex were adjusted using the analysis of covariance, the average CCT in men was 5.7 lm more than that in women (ageadjusted, P ¼ 0.001), the average CCT in subjects with hypertension was 4.1 lm less than that in those without hypertension (age and sex-adjusted, P ¼ 0.027), and the presence of diabetes was not associated significantly with CCT (age-and sex-adjusted, P ¼ 0.892, Table 3 ). In multivariate analysis, when age, IOP, AL, sex, and the presence of hypertension were considered as independent variables and CCT was considered as a dependent variable, a higher CCT was associated with a higher IOP (P < 0.001, 2.56-lm increase in CCT for every 1 mm Hg increase in the IOP [95% CI 1.92-3.20 lm]), younger age (P ¼ 0.001, 2.6-lm decrease in the CCT for every decade of life [95% CI 1.0-4.1 lm]), male sex (P ¼ 0.005), and the absence of hypertension (P ¼ 0.018, Table 2 ).
When the effect of CCT on IOP was analyzed separately, IOP increased by 2.0 mm Hg for every 100-lm increase in the CCT (P < 0.001, 95% CI 1.5-2.5 mm Hg, Fig. 2) . When a multivariate analysis was performed additionally to identify the effect of CCT on IOP after adjustment for age, sex, and the presence of hypertension, 24 IOP increased by 1.9 mm Hg for every 100-lm increase in the CCT (P < 0.001, 95% CI 1.4-2.3 mm Hg).
DISCUSSION
In our study, the mean CCT measured by ultrasound pachymetry in a Korean population was 530.9 lm, and the skewness and kurtosis of CCT distribution was 0.08 and 0.32, respectively, which suggest a normal distribution. According to previous population-based studies, the mean CCT of an Asian population ranged from 485.7 to 561.4 lm, as summarized in Table 4 . [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] When only studies using ultrasound pachymetry were considered, the mean CCT was 539. Goldmann applanation tonometry, which is the current gold standard IOP measurement technique, estimates IOP by measuring the force required to flatten an area of the cornea. Therefore, corneal characteristics, including its thickness [1] [2] [3] or hysteresis, 25, 26 can affect IOP measurement. With regard to the correlation between IOP and CCT, all previous studies reported a higher IOP with a greater CCT, [7] [8] [9] [10] [11] [12] [13] [14] [16] [17] [18] 20, 21 which confirms the importance of CCT for the proper assessment of IOP (Table 4) . In previous studies in Asian populations, the IOP increase ranged from 1.0-3.6 mm Hg for each 100-lm CCT increase, [7] [8] [9] [10] [12] [13] [14] 17, 18, 20, 21 which is in agreement with the results of our study (1.9 mm Hg IOP change per 100 lm CCT change after adjustment for age, sex, and the presence of hypertension).
Older age was associated with a thinner central cornea in our study population, which is in line with previous studies in Asian populations (Table 4) . 7, 8, 10, 11, 14, 18, 20 A 2.6-lm/decade decrease in CCT with age was estimated using the regression line in our study after adjusting for sex, IOP, AL, and the presence of hypertension; the amount of CCT decrease ranged from 2.4 to 6.8 lm/decade in other studies with Asian populations. 7, 8, 10, 11, 14, 18 Possible explanations for the thinning of the central cornea with aging include a decline in the density of keratocytes and a breakdown of corneal collagen fibers with age, as well as longer exposure to the environment. 27, 28 Another possible explanation is the effect of nutrition on CCT. Older populations of our time experienced world wars and suffered nutritional deficiencies, and this probably is similar to a cohort effect and may not be a physiologic thinning with age. Our study was cross-sectionally performed; to investigate the effect of age on CCT, longitudinal studies are needed.
Regarding the effect of sex on CCT, previous studies reported that men have thicker central corneas than women; 13, 16, 18, 20 other studies did not find such a difference (Table  4) . [7] [8] [9] [10] [11] 14, 21 In our study, the CCT of male subjects was significantly thicker than that of female subjects. Given that CCT is correlated with body mass index 11, 14, 20, 21 or weight, 16 greater body mass index or weight in men than in women may contribute partly to this finding. However, body height and weight were not analyzed in our study; therefore, the cause of the discrepancy in CCT between men and women remains unclear in our study population.
Another interesting finding of our study is the association between the presence of systemic hypertension and a thinner central cornea. In contrast to these results, other Asian population-based studies showed no significant correlation between CCT and blood pressure 11, 16 or the presence of hypertension (Table 4) . 14, 21 The underlying mechanism for the correlation between hypertension and CCT remains unclear. Our findings between hypertension and thinner central corneas were consistent after age and sex adjustment, which suggests that hypertension per se or blood pressure-lowering medication may affect CCT. In a previous study with the same study population used in the present report, the presence of hypertension was associated significantly with a higher IOP. 24 A thinner CCT and a higher IOP in subjects with hypertension may suggest a possible role of hypertension as a real risk factor rather than a confounder for ocular hypertension or glaucoma.
In previous studies, the presence of abnormal glaucoma metabolism and/or diabetes was associated with a thicker central cornea (Table 4) . 11, 14, 21 This may be due to an osmotic gradient drawing fluid into the corneal stroma or a tendency among diabetics for corneal collagen to develop disulphide cross-linking. 29 In our study, no significant difference was found in CCT between subjects with and without diabetes. Difference in distribution and severity of diabetes among study populations may account for this discrepancy.
It has been reported that a thicker central cornea is associated with a greater radius of corneal curvature, which in turn is correlated with a greater AL. 11, 16, 30 Therefore, an eye with a greater AL may have a thicker central cornea. 11 In our study, a greater AL was associated significantly with a thicker central cornea in a univariate analysis, whereas the association was no longer significant in a multivariate analysis; this is in agreement with previous study results. 14, 20 Corneal curvature was not investigated in our study; therefore, the cause of this discrepancy remains unclear.
There are some limitations of our study, including its crosssectional study design, identifying systemic disease based on the information provided by the subjects without measuring blood pressure and blood glucose level, and the lack of analysis of other confounding factors, such as corneal curvature, body height, and weight. In our study, although age, sex, IOP, hypertension, and CCT were correlated significantly, the associations were not strong, which is in agreement with previous study results. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Therefore, it remains unclear how these associations will affect glaucoma evaluation in a clinical setting.
In conclusion, the mean CCT of a Korean population was 530.9 lm, and was associated with IOP, age, sex, and hypertension. These findings would be helpful for the evaluation of glaucoma in this population. 
AS-OCT, anterior segment optical coherence tomography; NA, not applicable; þ, significant association; À, non-significant association.
